Allozyme diversity and population structure of Japanese and Korean populations of wild radish, Raphanus sativus var. hortensis f. raphanistroides (Brassicaceae)
INTRODUCTION
The accumulation of allozyme data in higher plants has revealed causal relationships between allozyme diversity and the ecological and life history characteristics of a species (Hamrick and Godt, 1989) . Various factors such as the breeding system, seed dispersal mechanism, and distribution pattern affect the genetic structure of plant populations (Wright, 1951; Loveless and Hamrick, 1989) . For example, predominantly outcrossing species tend to maintain more genetic variation within their populations than predominantly self-pollinating species (Gottlieb, 1981) . In general, geographically restricted or endemic species maintain fewer polymorphic loci, and fewer alleles per polymorphic locus than widespread congeneric species (Hamrick and Godt, 1989) . However, widespread plant species that occur as small, isolated patches in specialized habitats are expected to maintain a low level of genetic variation within the species and a high level of population divergence caused by genetic drift Hamrick, 1993, 1998) .
Wild relatives of cultivated plant species offer an important system from both agricultural and evolutionary view points, especially when considering the gene pool available for crop improvement (Doebley, 1989; Escalante et al., 1994) . They also provide information regarding the progress of domestication (Doebley, 1989) . In this paper we investigate allozyme variation in Japanese and Korean populations of wild radish, Raphanus sativus L. var. hortensis f. raphanistroides Kitamura (Brassicaceae) . Wild radish grows primarily on sand dunes or on sandy cliffs near the sea in East Asia. It is herbaceous, diploid biennial, with 2n = 18 (Kitamura and Murata, 1987) . The plant height is 30-60 cm with purple or whitish pink flowers. Flowers are visited by insects and predominantly cross-pollinated. Each silique contains 1-10 seeds and the matured siliques do not burst.
The origin of cultivated radish, Raphanus sativus, is entirely obscure (Panetsos and Baker, 1967; Ohnishi, 1999) . For the establishment of Japanese land races of this species, natural populations have played important roles (Kumazawa, 1961; Aoba, 1993) . Recent studies on the cytoplasmic DNA of male-sterile radish strains strongly support this conclusion (Amano et al., 1997; Nakagawa et al., 1998) . Thus, it is very important to study natural populations of wild radish from the view point of crop evolution (Ohnishi, 1999) .
In this paper, we estimate the allozyme diversity maintained in natural populations of wild radish and describe the genetic structure of locally endemic populations in Korea and geographically widespread populations in Japan. The results are compared with those of R. raphanistrum from Europe and the U.S.A., as well as other species with similar ecological and life history characteristics.
MATERIALS AND METHODS

Sampling procedures and enzyme electrophoresis.
The seed samples were collected as a mass of siliques from 25 Japanese and 9 Korean natural populations of wild radish, Raphanus sativus L. var. hortensis f. raphanistroides (Table 1 , Fig. 1 ). More than 56 individuals were analyzed for each population, each derived from a different silique. Seedlings grown in a greenhouse were used to provide material for electrophoresis.
The procedures for the homogenization of tissues, starch gel electrophoresis, and enzyme assays, followed the meth- Soltis et al. (1983) . Young leaves were homogenized in Tris-HCl grinding buffer with PVP (pH 8.0) as described in Soltis et al. (1983) . Electrophoresis was performed using 11% starch gels, and ten enzymes were assayed. Acid phosphatase (ACP, EC 3.1.3.2.), esterase (EST, EC 3.1.1.2.), leucine aminopeptidase (LAP, EC 3.4.11.1.), and peroxidase (PER, EC 1.11.1.7.) were resolved on system 9 of Soltis et al. (1983) ; isocitrate dehydrogenase (IDH, EC 1.1.1.42.), malate dehydrogenase (MDH, EC 1.1.1.37.), 6-phosphogluconate dehydrogenase (PGD, EC 1.1.1.43.), phosphoglucose isomerase (PGI, EC 5.3.1.9.), phosphoglucomutase (PGM, EC 2.7.5.1.), and shikimate dehydrogenase (SKD, EC 1.1.1.25.) were resolved on system 10 of Soltis et al. (1983) .
For the enzymes resolved in more than one zone of activity, the most anodally migrating isozyme was designated as '1', and other subsequent isozymes were sequentially numbered. The alleles of isozyme 1, 2, 3, and so on were designated sequentially as 'a', 'b', 'c', and so on, respectively. 
Data analysis.
A locus was considered polymorphic if two or more alleles were detected, and the frequency of the most common allele was less than 0.99. Several standard genetic parameters were estimated using a computer program developed by M.D. Loveless and A.F. Schnabel (Edwards and Sharitz, 2000) . The percentage of polymorphic loci (P), mean number of alleles per locus (A), effective number of alleles per locus (A E ), number of alleles per polymorphic locus (A P ), and gene diversity (H E ) (Hamrick et al., 1992) were estimated from the data. Observed heterozygosity (H O ) was compared with the Hardy-Weinberg expected value using Wright's fixation index (F) (Wright, (Nei, 1973 (Nei, , 1977 . The G ST coefficient corresponds to the relative amount of differentiation among populations. In addition, c 2 -statistics were used to detect significant differences in allele frequencies among populations for each locus (Workman and Niswander, 1970 ). Nei's genetic identity (I) (Nei, 1972) was calculated for each pairwise combination of populations. A phylogenetic tree was constructed by the neighborjoining (NJ) method (Saitou and Nei, 1987) using the NEIGHBOR program in PHYLIP version 3.57 (Felsenstein, 1993) .
The genetic structure within and among populations was also evaluated using Wright's (1965) (Li and Horvitz, 1953) . In the context of multiallelic loci F ST is denoted as G ST (Nei, 1973) . The estimate of Nm (the number of migrants per generation) was based on G ST (Wright, 1951) . The absolute population differentiation (D M ) was calculated using Nei's (1973) statistics. The correlation between geographical and genetic distances was evaluated using the modified Mantel's test (Smouse et al., 1986) . Table 3 . Estimates of genetic diversity statistics for 18 polymorphic loci in 25 Japanese populations 
RESULTS
A high level of genetic variation was found in the wild radish populations. In the Japanese populations, eighteen of the 27 loci examined (66.7%) showed polymorphisms in at least one population, while the remaining nine loci were monomorphic in all populations. The percentage of polymorphic loci within populations ranged from 40.7% to 63.0% with an average of 53.3% ( Table 2 ). The majority of the polymorphic loci maintained three (Acp-1, Acp-2, Idh-2, Pgd-2, Pgi-2, Pgm-1, and Pgm-3) or four alleles and Skd) , while the remaining one (Est-1) maintained five alleles. The average number of alleles per locus (A) was 2.26 on average, varying from 1.85 for the Hachinohe population to 2.59 for the Tokunoshima population. The number of alleles per polymorphic locus (A P ) was 3.36 across the populations. The mean genetic diversity within populations (H EP ) was 0.278. The Kitsuki population (J17) had the highest genetic diversity (0.397), whereas the Hachinohe and Reihoku populations (J1 and J13) had lowest (0.154).
The observed significant positive F IS value for the 25 Japanese populations, 0.228 (Table 3 ), indicated that there was a significant deficit of heterozygotes in these populations. Analysis of fixation indices, calculated for all polymorphic loci in each population, showed a slight deficiency of heterozygotes relative to Hardy-Weinberg expectations (Table 3) . Total genetic diversity values (H T ) varied from 0.067 (Est-2) to 0.743 (Est-1), giving an average 0.477 over all polymorphic loci. The absolute measure of genetic differentiation among populations (D M ) was very low (0.063). On a per locus basis, the proportion of total genetic variation due to differences among populations (G ST ) ranged from 0.037 for Mdh-1 to 0.664 for Acp-1, with a mean of 0.170, indicating that about 17% of the total allozyme variation was among populations.
In the nine Korean populations, 19 of the 28 loci (67.9%) showed polymorphisms in at least one population, while the remaining nine loci (Acp-3, Acp-4, were monomorphic in all Korean populations. An average percent of polymorphic loci within populations was 63.1% (Table 2 ). The average number of alleles (A) and the genetic diversity (H EP ) were almost the same as those for the Japanese populations (Table 2 ) -2.27 and 0.281, respectively. F IS , H T and H S were 0.247, 0.457 and 0.422, respectively (Table  4) , also close to the corresponding values for the Japanese populations (Table 3) . However, G ST was only 0.086. Therefore, the estimate of gene flow based on G ST was slightly lower among the Japanese populations (Nm = 1.22) than among the Korean populations (Nm = 2.65).
The correlation between genetic distance and geographic distance was high (r = 0.52, p < 0.05), for the Korean populations, indicating that geographically close populations tended to be genetically similar, whereas it was low (r = 0.12, p < 0.05) for the Japanese populations.
Although the mean H EP value for the Korean populations was slightly greater than for the Japanese populations, it was not significantly so (U < 0.05; one-tailed Mann-Whitney test). Neither H T nor H S were signifi- Table 4 . Estimates of genetic diversity statistics for 19 polymorphic loci in 9 Korean populations cantly different between 25 Japanese and 9 Korean populations (T > 0.05; Wilcoxon's paired test). The genetic relationships among the populations can be seen in the dendrogram, where two clades, one consisting of 25 Japanese populations and the other consisting of 9 Korean populations, were recognized (Fig. 2) .
DISCUSSION
Level of genetic variation
The level of genetic variation found in the Korean and Japanese populations of wild radish was high; the average percentage of polymorphic loci was 63.1 and 53.3 for the Korean and Japanese populations, respectively, and the corresponding average gene diversity (heterozygosity) was 0.281 and 0.278 (see Table 2 ). According to a review of plant allozyme literature by Hamrick and Godt (1989) , the average percentage of polymorphic loci for short-lived herbaceous species was 41.3 at the species level (reviewed for N = 152 species) and 28.0 at the population level (N = 159). The mean genetic diversity (H E ) was 0.116 at the species level and 0.096 at the population level. All the genetic diversity parameters of Japanese and Korean populations of wild radish were higher than those of species with similar ecological and life history characteristics. For example, the mean genetic diversity of 0.278 for Japanese populations and 0.281 for Korean populations is higher than that of dicots (0.096), species with a regional geographical range (0.118), insect-pollinated, outcrossing species (0.124) and species that reproduce sexually (0.114) (Hamrick and Godt, 1989) . Other measures of genetic variation confirm the Japanese and Korean populations of wild radish are more variable than ecologically comparable species. The genetic diversity of R. sativus var. hortensis observed in this study can be compared with that observed in natural populations of R. raphanistrum (the other wild radish species, commonly found in Europe and the U.S.A.) studied by Ellstrand and Marshall (1985) . For R. raphanistrum, H EP is 0.45, the percentage of polymorphic loci at population level (P P ) is 94%, the mean number of allele at species level (A S ) is 3.25, and G ST is 0.15 (Ellstrand and Marshall, 1985) . For R. sativus var. hortensis observed in this study, H EP is 0.28, P P is 63%, A S is 3.15, and G ST is 0.13. Thus, populations of R. raphanistrum maintain significantly more variation when compared with R. sativus var. hortensis f. raphanistroides locus-by-locus (one-tailed Wilcoxon's signed rank test). The reason for this difference is unknown.
Population structure and breeding system of wild radish Wild radish has been known to exhibit gametophytic-sporophytic self-incompatibility (Lewis et. al., 1981) . In addition, dehiscent anthers are physically separated from the receptive stigma, indicating an insectpollinating outcrossing system. Ohnishi (1999) observed that mating is approximately random in Japanese natural populations of wild radish. In the present study, a deficiency of heterozygotes from the Hardy-Weinberg expectation was detected (see Tables 3 and 4) . Consanguineous mating may cause it or this may be due to Wahlund's effect of subdivision of patchily distributed natural populations. A previous study by Develin and Ellstrand (1990) indicated that pollen flow in wild radish populations was limited and the mating among neighboring plants was prevalent. Furthermore, siliques of wild radish disperse in only short distance (Tokunaga and Ohnishi, 1992) . Spatial autocorrelation analysis of allozyme genotypes showed a significant aggregation of an identical allele, indicating significant, small-scaled genetic structure of natural populations (Tokunaga and Ohnishi, 1992) . If these aggregates form small, subpopulational patches or demes differing to some extent in allele frequency, their pooling during an electrophoretic study would result in a Wahlund effect, that is, an observed excess of homozygotes.
In natural populations of wild radish, the allozyme variability was maintained within populations rather than among populations, judging from the observed G ST values (0.086 and 0.170 for Korean and Japanese populations, respectively) (see Table 4 ). Ohnishi (1999) observed G ST values of 0.064, 0.106 and 0.139 for three morphological marker genes among Japanese populations of wild radish. Although we did not analyze further subdivision of a local population, we may suggest that allozyme variation in wild radish populations is maintained in patchily distributed subpopulations or demes, either by random drift of neutral alleles or micro-environmental selection for adaptive alleles.
A natural local population of wild radish on a sandy dune or on a sandy beach consists of 10 4 -10 5 individuals; they grow in a long belt zone with a width 50 m along a dune or on the border between a beach and a farmer's field. This long belt zone is often interrupted by housing lots, cultivated fields or rocky barren protrusions. Consequently, a local population consists of many subdivided populations each consisting of 10 2 -10 3 individuals.
Thus, the observed excess of homozygotes may be due partly to consanguineous mating but mainly to subdivision of population.
Ecological aspects of wild radish populations
In general, species or taxa with widespread geographic distribution maintain a higher level of genetic diversity than those with narrow or endemic distributions (Hamrick and Godt, 1989) . Species with discrete populations in patchy distributions have relatively lower levels of variation within populations than species with more continuously distributed populations (Huh, 1999) . Although wild radish is distributed in a wide geographic range, it is ecologically restricted, growing only in sandy dunes, sandy beaches or abandoned fields near the sea in East Asia. Therefore, local populations are isolated each other, and they are discretely distributed. Furthermore, as discussed above, each local population is subdivided, consisting of many subpopulations. Species with a relatively narrow niche, and with discrete, isolated populations ("habitat specialists") like wild radish in general maintain less genetic variation than do species with continuous, abundant populations growing on broad-niched mainland habitats ("habitat generalists") (Nevo et al., 1984) . However, we found that geographically restricted Korean populations had a level of genetic diversity similar to that of more wide-spread Japanese populations. This probably implies that the population structure below the local population level may be critical, along with the biological characteristics of the species itself, to determine the level of variation. The population size of natural populations of wild radish is large, consisting of 10 4 -10 5 individuals; each subpopulation consists of 10 2 -10 3 individuals. Gene flow between populations is relatively great. The estimated Nm is 1.22 and 2.65 for Japanese and Korean populations, respectively. These values are large enough to nullify the local differentiation of neutral alleles by random drift (Maruyama 1971; Kimura and Maruyama, 1971) . Cultivation of radish is very common both in Korea and Japan. In the coastal areas, cultivated fields of radish and natural populations of wild radish can be seen side by side. Hence, we can expect gene flow from cultivated populations to natural populations. Thus, wild radish populations can maintain a large amount of allozymic variation. Usually, plant species with high fecundity maintain high genetic diversity (Chung and Kang, 1994) . Wild radish has high seed production; an individual plant produces hundreds of seeds in the field or in green house conditions (Mazer and Stick, 1991 ; our field observations). Many seeds are deposited in the soil as a seed bank, where they may contribute to later generations.
Furthermore, we found several natural populations growing in abandoned fields in mountain areas of the Tohoku district in Japan (Yonezawa, Nishi-Aizu, and Kaneyama populations). Those populations are believed to have originated when seed samples were brought from coastal areas for cultivation by poor farmers (Aoba, 1993) . Therefore, those populations might have suffered from a bottleneck effect. As we can see in Table 2 and Figure 2 , those three populations, J5, J6, and J7, are genetically closely related with each other and have almost the same level of genetic variation as other populations. Population genetics theory says that the size of a founder population is crucial for the maintenance of genetic variation. These founder populations evidentially had enough individuals to keep the level of variation that was present in the ancestral populations. It was not a difficult task for poor farmers to bring many thousands seeds from coastal areas to these localities.
Genetic relationships among the natural populations
The phylogenetic tree shown in Fig. 2 clearly distinguishes two clades, the Japanese and Korean clades. The correlation between genetic distance and geographical distance is relatively high in Korea and low in Japan. In the Korean clade, the positions of the populations in the tree almost completely match the corresponding geographical positions. In the Japanese clade, the populations from the Nansei islands (J14 and J15) and several populations from the western part of the Pacific coastal area form a group (Kasari: J14, Tokunoshima: J15, Miyazaki: J16, Murata: J18, and Mihama: J21). The mountain populations (J5, J6 and J7) clustered together, as expected, and were closely related to the populations from the northern part of coast of the Sea of Japan (J3 and J4). They might have originated from the coastal populations of the Tohoku district as suggested by Aoba (1993) . Two populations (J10 and J12) from the coast of the Sea of Japan formed another group. Thus, except for the three populations, the northernmost J1 (Hachinohe) and J2 (Iwasaki) and eastern J24 (Kawazu), the Japanese populations also showed a close relationship between their phylogenetic and geographical positions. The two exceptional, northernmost populations are relatively small and maintained less genetic variation than the other populations, probably due to (having suffered) a founder effect.
Judging from the present distribution of the populations, the diffusion of wild radish seems to be by sea current. Of course, we can not exclude diffusion by man as in the case of the mountain populations in the Tohoku district. No population has been established along the coastal areas of the eastern Hokkaido and eastern Tohoku districts, where the cold Chishima current from the north predominates. We frequently found siliques of radish among flotsam on beaches, and found that such seeds can be germinated. However, the hypothesis of the diffusion of wild radish by sea currents needs to be tested by future work.
